Ticks are important vectors of emerging zoonotic diseases. While adults of many tick species parasitize mammals, immature ticks are often found on wild birds. In the tropics, difficulties in species-level identification of immature ticks hinder studies of tick ecology and tick-borne disease transmission, including any potential role for birds. In Panama, we found immature ticks on 227 out of 3,498 birds representing 93 host species, about 1/8 th of the entire Panamanian terrestrial avifauna. Tick parasitism rates did not vary with temperature or rainfall, but parasitism rates did vary with host ecological traits: non-migratory residents, forest dwelling birds, bark insectivores, terrestrial foragers and lowland species were most likely to be infested with ticks.
INTRODUCTION
Wild birds are increasingly recognized as playing an important role in human and animal health.
Emerging zoonotic diseases such as avian influenza, West Nile Virus, and Lyme disease (which is transmitted by ticks) often have wild birds in their transmission cycle (1) (2) (3) . Wild birds can act as reservoir hosts in endemic areas (4) . They also have the potential to introduce diseases into previously naïve populations by spreading pathogens and/or their vectors over large distances via migratory flyways (5, 6) .
Ticks (Ixodidae) are haematophagous ectoparasites that are regularly found on wild birds, providing them habitat and blood-meal resources, and are known to transmit to humans a larger variety of pathogens than any other arthropod vector group (7) . Migratory birds captured in temperate regions upon their return from wintering grounds have been observed infected with larval and nymphal stages of tropical tick species (5) . The ability of migratory birds to move tropical ticks over long distances, in concert with global climate change, potentially exposes extra-tropical regions to novel tropical tick-borne pathogens and vice versa (7, 21, 22) .
Therefore, empirical studies are needed that evaluate which tick species are frequently involved in bird parasitism and which ecological characteristics of bird species are related to increased tick infestation levels.
In the New World tropics, the greatest risk of tick-borne disease comes from Rickettsia rickettsii, the etiological agent of Rocky Mountain Spotted Fever. Here, its primary Neotropical vector is Amblyomma cajennense sensu lato (8) , although R. rickettsii has also recently been discovered in A. aureolatum in Brazil (9) . Recent improvements in molecular detection of tick endosymbionts have uncovered many novel Rickettsia species of unknown pathogenicity in Neotropical Amblyomma (10) (11) (12) . Although adults of the genus Amblyomma and several other Neotropical tick species typically exploit mammals, or reptiles and amphibians to a lesser degree (13) , immature forms are routinely found on birds (7, (12) (13) (14) (15) (16) (17) (18) (19) including, rarely, nymphs of the A.
cajennense species complex (20).
Our understanding of Neotropical bird-tick associations and hence their role in disease transmission has been hampered by species identification problems; most immature Neotropical ticks, especially those of the genus Amblyomma, are not readily identifiable to species by morphology alone. Amblyomma species diversity peaks in the Neotropics, where taxonomic keys serve to identify the nymphal stage of few Amblyomma species (23). For example, in a recent survey of ticks found parasitizing humans in Panama, only 38% of the recovered specimens of Amblyomma could be identified to species (24) . Similarly, in a study documenting tick infestation patterns in wild birds from southeastern Brazil, nearly 48% of the specimens of Amblyomma could not be identified to species (20) . This study and others (12, 14) demonstrate that new tools and approaches are needed to properly assess the role of wild birds in tick ecology and tick-borne disease transmission in the Neotropics.
Here, we: 1) identify the ecological characteristics of Panamanian bird species frequently parasitized by ticks, and determine if climate (e.g., rainfall and temperature) affects tick parasitism rates; 2) produce a robust DNA barcode library capable of identifying most of the commonly encountered ticks in Panama; 3) use the DNA barcode library to identify to species immature ticks collected off of Panamanian wild birds and 4) provide the first analysis of birdtick ecological associations at the species level in the northern Neotropics, including an assessment of the potential role that birds may have in the transmission of tick-borne pathogens.
RESULTS

Ecological traits of Panamanian wild birds parasitized by ticks
We evaluated patterns of tick parasitism in 3,498 bird specimens from the STRI bird collection, representing 384 species, i.e. nearly half of the roughly 800 non-aquatic bird species recorded from Panama. Ticks parasitized a total of 227 specimens of Panamanian birds (6.5%; Supplementary Table S1) representing 93 avian species and 24 families. Among avian families with at least 25 specimens evaluated, the families with the greatest proportion of specimens parasitized by ticks (%) were: Thamnophilidae (antbirds: 18%; 12 of 20 species); Furnariidae (ovenbirds and woodcreepers: 15%; 11 of 20 species); Polioptilidae (gnatcatchers: 15%; 1 of 3 species); Turdidae (thrushes: 15%; 7 of 15 species); and Troglodytidae (wrens: 14%; 9 of 16 species). Resident birds (i.e. species that breed in Panama) were 3.8 times as likely to be parasitized by ticks compared to non-breeding long-distance migrant species (Fisher's exact test, P = 0.001). Although females had a slightly higher prevalence of tick parasitism than males, the difference was not significant (Fisher's exact test, P = 0.23). Among resident birds, a logistic model indicated that only forest habitation, terrestrial foraging, bark insectivory, and lowland residency were significantly associated with tick parasitism (Table 1) .
Among 26 sites with at least 20 sampled birds, we found no relationship between the frequency of tick parasitism and annual mean temperature, temperature seasonality, annual precipitation, or precipitation seasonality, however we did recover an affect of taxonomic composition, specifically, the proportion of the sampled avifauna belonging to the five families most frequently parasitized by ticks (Supplementary Table S2 ).
DNA identifications of adult ticks agree with morphological taxonomy
The 96 individuals in the adult reference library of morphologically identified ticks from central Panama formed 20 clusters with pairwise Kimura-2 parameter (K2P) genetic distances greater than 5% (Supplementary Figure 1) . All 96 could be placed in clusters in agreement with the original morphological identification of the voucher with bootstrap support values of at least 99%. Among the 20 species -clusters, average nearest-neighbor K2P distance to another cluster was 15.6% and the minimum nearest-neighbor K2P distance was 12.5% (range: 12.5% -20.5%).
Two species contained DNA barcode sub-clusters with between-cluster sequence divergence greater than 3.0%. Haemaphysalis juxtakochi comprised two clusters that differed by 3.0% pairwise K2P distance, with each cluster supported by 99% bootstrap support, while Amblyomma ovale contained one cluster of four individuals supported by 97% bootstrap and a fifth individual that varied by an average K2P distance of 3.2%. In all both cases, individuals from both clusters were collected at a shared location, suggesting that these might represent cryptic biological species. Thus, the BIN (barcode identification number) numerical taxonomy based on DNA barcode clustes recovered identified 22 unique BINs in our adult dataset; representing the 20 clusters that agree with our morphological named species as described above, as well as second BINs for both H. juxtakochi and A. ovale.
DNA identifications of immature ticks from birds
We generated useable DNA barcode sequences from 130 immature ticks out of a total of 172 samples attempted (76% success rate). Two failures were due to double peaks in the electropheragram recovered in multiple amplification and sequencing attempts (MJM2941-T01 and MJM4264-T01); we removed these individuals from further analyses. One individual (MJM 7015) amplified its avian host (Poecilotriccus sylvia) DNA. The remaining 39 individuals failed in either the PCR or the sequencing step (Supplementary Table S1 ).
Sequences from the immature ticks formed 13 DNA barcode clusters. In total, 122 of 130 (94%) taxa formed 11 clusters to which we could assign a full scientific name (Figure 2; Supplementary In total, based on the BIN alternative taxonomy, our sample of immature ticks clustered into 13 BINs, including 11 of the 22 BINs recovered in the adult reference library. Hence, we were able to assign a BIN to 100% of the samples that provided DNA sequences and to 76% (130 of 172) of all samples for which we attempted DNA barcoding. Eight other immature ticks (6%) formed two novel clusters on our phylogenetic trees; and for these we were only able to assign a BIN numerical taxonomic identification. The first BIN (ACC9360) was formed by just one immature tick that had a nearest neighbor-distance of 14.4% to the reference library cluster of Ixodes affinis. A second cluster (BIN: ACC9045) was formed by seven immatures whose nearest-neighbor cluster on the BOLD database did not include ticks from this study. Instead, they were most closely related to H. leporispalustris collected in Canada, with a nearestneighbor distance of 6.0%. H. leporispalustris also occurs in Panama, but without a Panamanian adult reference sequence and given the large sequence variation, we are unable to determine whether our sample represents a genetically-divergent Panamanian H. leporispalustris population or distinct species of Haemaphysalis yet to be recorded in Panama. Thus, we refer to these two taxa as probable members of Ixodes and Haemaphysalis genera, respectively.
Species accumulation curves for our sample of immature ticks recovered from wild birds were essentially asymptotic, as were species richness estimators designed to account for unobserved species. Using the BIN taxonomy, a Chao1 species richness estimate was 13.3 (95% confidence interval: 13.0 -19.0), compared to an observed BIN richness of 13 (Figure 3) . A similar finding is reached using the traditional morphological taxonomy for our immature ticks: the mean Chao1 estimate for tick species richness from Panamanian birds was 11.5 (95% confidence interval: 11.0 -19.3), compared to an observed species richness of 11 (Supplementary Figure S2) . These results suggest that at most only a few more tick species would be recovered from wild birds in Panama given considerably greater sampling effort, and that their occurrence on wild birds would be exceedingly rare.
Immature ticks show no species-level host specificity or ecological filtering of avian hosts Immature tick species showed no measurable avian species host specificity. Tick species collected from at least two different bird individuals always occurred on at least two different avian host species, and tick species most frequently recovered from wild birds in our samples had the greatest number of avian host species (Pearson's rho = 0.984, P < 0.0000001). In 5 of 11 birds from which we sequenced multiple individual ticks, we found more than one species or more than one haplotype of tick, suggesting multiple different colonizations of the host.
In addition to the lack of species-level host specificity, we observed no evidence of ecological filtering in the patterns of bird-tick associations. This is visually confirmed by our quantitative species interaction network, which demonstrates broad and varied interactions among tick and bird species (Figure 4) . We found no difference in the frequency of forest versus non-forest hosts among our 13 We found no evidence that tick parasitism by site varied by either temperature or rainfall.
However, important ecological traits appear to modulate tick parasitism rates among Panamanian birds. We found that lowland, forest inhabiting, ground and bark foraging birds were more likely than others to be infested with ticks. Prior surveys of tick parasitism on Neotropical wild birds usually did not attempt to correlate avian ecological traits with tick prevalence, but see Marini et al. (14) . Our study was concordant with Marini and coworkers for some ecological traits correlated with tick parasitism rates, (e.g. bark insectivory), however, that study found similar infestation rates between lowland and montane birds.
DNA barcoding of adult and immature ticks
Our findings demonstrate that DNA barcodes are a reliable method to identify Panamanian hard ticks (Ixodidae) to species, and can overcome the frequently-cited difficulties in identifying immature forms of Neotropical ticks to species using only morphological characters (15, 16, 27).
Alternatives to molecular identification of immature ticks include rearing immatures to life stages that can be reliably identified to species (e.g. 20), but this is time consuming, requires special laboratory conditions that vary among species, and most immature ticks die before reaching an identifiable life stage (16, 20) . DNA barcoding appears to yield a much greater percentage of successful species identifications. We were able to identify ~ 70% of immature ticks, whereas a rearing study from Brazil was able to identify only 12% of the immatures (16).
The lack of host specificity and ecological filtering in bird-tick interactions Although certain ecological factors are correlated with the likelihood of tick parasitism by wild birds, we found little evidence that immature ticks are actively selecting or filtering avian hosts by species, for those tick species found on birds. Apparently, tick species that infect wild birds in Panama are opportunistic parasites. This result was robust both for particular host species and for parasites among birds within ecological guilds. Previously, a study from Brazil (20) suggested that A. longirostre showed a preference for arboreal passerines while A. calcaratum and A. nodosum favored terrestrial passerine species, although explicit statistical tests were not employed. More importantly, our results indicate that although the adults of many Neotropical tick species show specificity for certain mammalian hosts (13, 28, 29) , this does not translate to similar behavioral patterns among free-living larvae and nymphs. Thus, parameters used in tickborne disease transmission models based on patterns of host specificity of adult ticks may require re-examination in order to incorporate the more labile ecology of immature ticks.
The role of wild birds in the transmission ecology of tick-borne pathogens Our ability to identify immature ticks from Panamanian birds permits insight to the role of wild birds in the transmission ecology of Neotropical tick-borne diseases. For example, our results indicate that migratory birds are relatively unimportant actors in Panamanian bird-tick interactions. Migratory birds were four times less likely to be parasitized than resident species.
Interestingly, the rate of parasitism among migrant birds (< 2%) is quite similar to that found in surveys of wild birds from temperate North America (e.g. 3, 5) . Furthermore, the immature ticks that we observed on migratory birds were all identified as local tick species not reported to be involved in the transmission of known human diseases (Figure 2) . Our results suggest a relatively low risk of long distance movement of Neotropical tick-borne pathogens by migratory birds, despite evidence for occasional long distance translocation of ticks by birds in other studies (3, 5, 6) . 
MATERIALS AND METHODS
Ecological patterns of tick parasitism on birds
We generated a tick parasitism data matrix (presence or absence of hard ticks: Ixodidae) from the Charadriiformes, Alcedinidae) were excluded from the analysis, as well as aerial foragers (e.g. Apodidae, Hirundinidae), resulting in 3498 specimen records (Supplementary Table 1) . Per STRIBC field protocols, wild birds were euthanized in the field and flash frozen on solid CO 2 in individual freezer bags to eliminate the risk of cross-contamination of ectoparasites prior to transportation to the lab. In the lab, during the initial stages of specimen preparation, ectoparasites were removed from the frozen bird carcass and transferred into vials containing 95% ethanol. We made no attempt to identify bird-collected immature ticks prior to molecular analysis.
Using this matrix, we analyzed whether key traits of the host species were correlated with tick parasitism using contingency table analysis. We considered the relationship of eight traits on tick parasitism, some of which have previously been correlated with tick parasitism in birds: residents vs. non-breeding migrants, females vs. males, terrestrial foraging vs. arboreal, ground cavity nesting, tree hole nesting, lowland vs. montane habitats, bark insectivory, forest vs. nonforest habitats. We evaluated the influence of sex and migratory status on the entire dataset, however because ecological traits for many migratory birds are more labile away from their breeding grounds and classifications based on temperate zone ecology may not reflect behavior in Panama, we evaluated the relationship between the remaining six traits and tick parasitism only on resident birds (i.e. those species that breed in Panama). Montane species were defined as those found almost exclusively 600 meters above sea level. Terrestrial foraging species include those species that forage primarily, but not exclusively, on the ground or within 15 centimeters of the ground. Forest inhabitants live in or require mature tropical forests; most edge species were classified as non-forest inhabitants. We evaluated all possible combinations of ecological characters using logistic regression models.
Adult DNA Barcode Reference Library
We generated a DNA barcode reference library for the ticks of central Panama using morphologically pre-identified adult ticks collected as part of on-going research programs (HJE and JRL) on the tick-host interactions in the area surrounding the Panama Canal, and also in a few cases from ethanol preserved museum specimens of adult ticks (Figure 1) . Field collections were accomplished either by removal of ticks from hosts (live-captured animals, road kill, livestock, and pets) or by collecting questing ticks from the free environment via flagging, e.g. sweeping a white cotton cloth along vegetation and leaf litter and harvesting accumulated ticks.
Adults were identified using morphological characters and existing taxonomic keys (13, 41), and were stored in 95% ethanol and frozen at -20ºC prior to molecular analysis (see next section). Table 2 ) that were morphologically assigned to 19 of the approximately 37 species of hard ticks recognized for the Republic of Panama, including 14 of 18 species of Amblyomma (13) . Unless already part of a museum collection, after DNA extraction adult reference ticks were stored in 95% ethanol and are maintained as voucher specimens in the ectoparasite collection of the STRIBC. A public dataset for these 96 specimens, including geographic details of collection, specimen photographs, and museum voucher information can be found on the BOLD data portal v3 (42) under the name: DS-TICKA (dx.doi.org/10.5883/DS-TICKA).
Our adult reference library included 96 individuals (Supplementary
Immature Ticks from Panamanian Wild Birds
We selected 186 immature ticks from the pool of immature ticks collected from birds for molecular species-level identification using the adult reference DNA barcode library as the basis for identification (Supplementary Table 1) . We obtained usable DNA barcode sequences for 130 (see Results). Sample details for immature ticks can be found on the BOLD data portal under the name: DS-TICKI (dx.doi.org/10.5883/DS-TICKI).
Molecular methods
To allow for the preservation of museum vouchers, DNA was extracted from adult specimens from either two legs removed from the specimen, or from a rear quarter section of the abdomen cut from the body, done under an entomological dissecting microscope. We used the entire body of immature ticks for DNA extraction. In all cases, the material being extracted was frozen in a 2 ml tube suspended in liquid nitrogen and pulverized using a sterile micro-pestle to improve DNA yield. We initially obtained poor DNA yield after attempted DNA extractions using DNAeasy spin columns (Qiagen, Valencia, CA), following the manufacturer's instructions (except that we reduced the final elution volume to 50 µl). Subsequently, we switched to the QIAamp DNA Micro kit (Qiagen), which uses similar spin column technology but is optimized for smaller samples and resulted in superior DNA yields.
Amplification of the DNA barcoding region (5' region of the COI mitochondrial gene, 43) was accomplished using the standard invertebrate primers (LCO1490 and HCO2198; 44) following (45), except that we halved the reaction volume (i.e. 25 µL) and raised DNA to 4 µL; we used Qiagen taq and buffers. Positive and negative controls were run in every reaction.
Amplifications were visualized on a low-melting agarose gel from which a single PCR product was extracted using a sterilized scalpel blade, and sequenced at the Naos Molecular Laboratory, Smithsonian Tropical Research Institute. DNA sequences and tracefiles can be examined in BOLD under the DS-TICKA database and DS-TICKI database. Sequences have also been deposited in GenBank under accession numbers KF200076 -KF200171.
Tree building and barcode distance analysis
In order to understand species limits and confirm morphological identification among our adult reference ticks (N = 96), we generated a neighbor-joining tree in MEGA v.5.1 (46) using Kimura-2 parameter (K2P) distances. Branch support was assessed by bootstrapping the topology with 500 replicates. We examined the K2P distance matrix and resulting topology for evidence of genetic divergence among our adult reference library that might provide evidence for the presence of cryptic species (e.g. 47) using both a standard genetic distance approach (3% K2P) as well as looking for the assignation of multiple Barcode Index Numbers (BINs) to a given species. The Barcode Index Number is an alternative, numerical taxonomy that clusters taxa into interim operational taxonomic units using a stage process to employ single linkage clustering (48). BINs are assigned automatically in the BOLD database portal based on the global dataset of DNA barcode sequences (i.e. including samples not generated in this study).
We repeated all tree-building, genetic distance, and clustering analyses for a second, expanded dataset that combined the 96 adult reference sequences with 130 sequences from immature ticks collected from birds.
Species-level associations between ticks and wild birds in Panama
We used the identifications of immature ticks from STRIBC bird specimens to further examine species-specific bird-tick associations in Panama. First, we assessed host-specificity by examining the correlation of the number of tick individuals recovered and the number of avian host species for all tick species recovered in our dataset; if immature ticks are non-host specific, this correlation should be strong. While this approach provides one measurement of host-tick specificity, it potentially overlooks the role of ecological filtering of hosts for particular parasite species (e.g. 49, 50), which we tested for by examining differences in the frequency of parasitism by host ecological traits for each tick species identified using COI barcodes using G-tests of independence. We visualized immature tick species-specific associations with ecological traits of avian hosts via quantitative interaction networks created using the bipartite package following the authors instructions (51) in the R statistical application (52). For those birds that had multiple ticks identified by DNA barcoding we scored each tick species separately but only once in the data matrix.
Finally, to estimate the proportion and distribution of the total Panamanian tick species pool that might depend on birds as host vertebrates for immature life stages, we estimated the total species richness of ticks that parasitize wild birds in Panama through species accumulation curves generated in the EstimateS software package (53) . When sampling is exhaustive, the species accumulation curve should reach an asymptote. However, even non-exhaustive sampling can still yield sufficient data to provide a reasonable estimate of the true species richness, which can be assessed by observing an asymptote in the statistical estimate of species richness (54) . We generated species-accumulation curves (SACs) for the 130 ticks where we were successfully able to generate DNA barcodes using both the adult reference library cluster-indicated taxonomy, and using the BIN numerical taxonomy generated in the BOLD database. In both cases, we used the Chao1 species richness estimator (55) , which attempts to non-parametrically correct the observed species richness as a function of the proportion of species observed exactly once or twice in the dataset. Mean Chao1 values were obtained from 100 reshuffles of our data set with replacement in EstimateS; sampling with replacement being critical in order to account for sampling error.
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